Abstract--Clay mineral diagenesis in the Niigata basin is documented by mineralogical and chemical analysis of clay minerals from cuttings from the Shinkumoide SK-1D (SSK-1D) well which is characterized by alternating beds containing dioctahedral and trioctahedral smectite minerals with increasing depth. Dioctahedral smectite shows a progressive increase in illite interstratification with increasing depth. The transition of dioctahedral smectite to interstratified illite-smectite (I-S) is supported chemically by an increase in K and A1 and a decrease in Si with increasing depth. In contrast, trioctahedral smectite (saponite) reacts to form a 1:1 interstratified chlorite-smectite (C-S) with increasing burial depth and temperature. Considering the geology and the occurrence of smectite, the SSK-1D smectites probably altered diagenetically from two different parent materials: dioctahedral smectite is derived from clastic sediments and transforms to interstratified illite-smectite, whereas trioctahedral smectite is derived from andesitic pyroclastic rocks and transforms to interstratified chlorite-smectite.
INTRODUCTION
The progressive transformation of smectite is volumetrically the most important diagenetic clay reaction during the progressive burial of sedimentary sequences; dioctahedral smectite transforms into illite via interstratified illite-smectite (I-S), and trioctahedral smectite transforms into chlorite via interstratified chlorite-smectite (C-S). The transformation of dioctahedral smectite to illite is widely recognized in finegrained clastic sediments throughout the world (Perry and Hower, 1972; Hower et al., 1976; Son and Yoshimura, 1997) . The reaction of dioctahedral smectite to illite is a continuous series of I-S; the proportion of illite layers in I-S increases with depth in response to increasing temperature or time. The mechanism of the smectite-to-illite reaction has been examined over the past few decades (Nadeau et al., 1984; Altaner and Ylagan, 1997) . In addition, the study of I-S diagenesis has been stimulated partly by an economic interest in finding more efficient methods to prospect for petroleum. Therefore, clay mineral diagenesis has been applied to petroleum exploration as a geothermometer to * Present address: 7910-22, 2-No-Cho, Ikarashi, Niigata, Japan.
constrain the thermal history of basins to predict source-rock maturation better (Eslinger and Pevear, 1988; Pytte and Reynolds, 1989; Elliott et aL, 1991) . The change of trioctahedral smectite to chlorite is dominant in sediments associated with mafic volcanic or evaporitic rocks (Yoshimura, 1983; Chang et al., 1986; Inoue and Utada, 1991; Hillier, 1993) . In contrast to I-S with changes in layer proportions, the reaction involving trioctahedral smectite has been considered as a prograde sequence of three phases: smectite, corrensite (1:1 C-S) and chlorite (Shau et al., 1990; Inoue and Utada, 1991; Beaufort et al., 1997) . Thus, corrensite, the intermediate part of the sequence, is a discrete phase, rather than an interstratification of smectite and chlorite layers. The number of studies of the trioctahedral smectite-to-chlorite transformation is limited compared to those devoted to the transformation of dioctahedral smectite to illite, probably because C-S is restricted to mafic associations of volcaniclastics or evaporites.
In the Japanese islands, I-S and C-S transformations have primarily been investigated as they relate to hydrothermal alteration (Inoue and Utada, 1983; Inoue, 1987; Inoue et al., 1987) . However, several thick sedimentary sequences where the transition of smectite to illite or to chlorite probably occurs are present in Ter- Figure 1 . Location of the Shinkumoide SK-1D well, and the distribution of marine sediments for each formation in the Niigata basin (modified from Sato et al., 1995) . A deep section of turbidite facies is developed to the west of the dotted line. However, mudstone facies are dominant to the north and east of the line. Note that the Shinkumoide SK-1D well is located in the mudstone facies. LT Lower Teradomari Formation; UT--Upper Teradomari Formation; SY--Shiiya Formation; N Y --Nishiyama Formation. tiary sediments. In these sedimentary basins, many drill holes have been made for hydrocarbon exploration and development. Recently, detailed studies of I-S were made in the Tertiary sedimentary basin where fine-grained sediments dominate (Son and Yoshimura, 1997; Niu et al., 2000) . These studies indicated I-S diagenesis and showed a typical profile of smectite similar to the Gulf Coast sediments (Hower et al., 1976) . In this profile from Japan, we show that both dioctahedral and trioctahedral smectites occur in the same well.
The purpose of the present study is to document clay mineral diagenesis observed in the Shinkumoide SK-1D (SSK-1D) exploration well which samples > 4000 m of sediments ranging in age from Miocene to Pleistocene, in the Niigata sedimentary basin (Figure 1) . The well is dominated by fine-grained rocks including clastics and pyroclastics, and presents an ideal setting for clay mineral studies. This paper shows that the SSK-1D well displays both C-S and I-S reactions with increasing burial depth. In addition, the clay mineral changes are correlated with organic maturity data to calibrate temperatures in the well.
G E O L O G I C A L S E T T I N G
The Niigata sedimentary basin is a very thick marine sequence of clastic and pyroclastic sediments which accumulated during Miocene to Pleistocene. The basin was initially formed by the effect of rifting related to tensional back-arc spreading in Miocene time (Kobayashi and Yoshimura, 2000) . In the Late Pliocene to Pleistocene, East-West compression resulted in many North-South trending folds and faults in the basin. This m o v e m e n t produced uplift and erosion in the southwestern and northern parts of the basin whereas, because of subsidence in the middle area of the basin, sedimentation continued after the Pliocene. Subsequently, the northern region subsided and was filled with fine-grained sediments. Lithologically, turbiditic sandstone predominates in the southern and western parts of the Niigata basin, whereas mudstones prevail in the middle and northern regions (Figure 1 ).
The S S K -I D well is located in the middle of the basin, geographically west of Nagaoka City, Niigata Prefecture (Figure 1 ). The well is located within the region characterized mainly by mudstone sediments, and penetrates a sedimentary succession of 4820 m of Miocene to Pleiostocene strata in the Niigata sedimentary basin. The sequences are divided into six formations: Lower Teradomari, Upper Teradomari, Shiiya, Nishiyama, Haizume and U o n u m a Formations, in ascending order (Figure 2 ). The sequence of these formations is little disturbed by tectonic movement, ex- cept for gentle folds and faults in the Middle Pleistocene. The Lower and Upper Teradomari Formations consist primarily of clay-rich mudstones with occasional intercalation of tuff and sandstone. The deposition of the Teradomari Formation started at 14-13 Ma in a bathyal environment (Figure 3 ). During the Teradomari stage, a submarine fan developed in the southern part of the Niigata basin, while siliceous mudstone accumulated in the region including the SSK-1D well (Figure 1 ). The Shiiya Formation conformably overlies the Teradomari Formation and is composed predominantly of andesitic pyroclastic rocks, also deposited in the bathyal environment at 7 Ma. During the Shiiya stage, the SSK-1D was also dominated by a deposit of gray fine-grained clastic and volcaniclastic mudstones which accumulated at a greater rate of sedimentation than other formations. The Nishiyama Formation, overlying the Shiiya Formation, is composed mainly of fine mudstone with sandstone. The Nishiyama Formation includes dacite or andesite. Deposition of the Nishiyama Formation started at 4 Ma and in the SSK-1D is dominated by massive mudstone and sandy mudstone sequences. The Haizume and Uonuma Formations are also dominated by mudstones. Structurally, the formations at the SSK-1D well were folded gently and faulted by East-West compression during the Middle Pleistocene (Kobayashi et al., 1991) . The SSK-1D as a whole is a bathyal sequence of fine mudstones, and thus an ideal well for the study of clay mineral diagenesis.
MATERIALS AND METHODS
Cuttings were sampled at intervals of 200 m throughout the well and were then hand-picked to ensure representative lithology at different depths. Quantitative analyses of whole-rock samples were obtained by powder X-ray diffraction (XRD) and using the computer program SIROQUANT (Sietronics, 1996) . This program is designed for the quantitative analysis of mineral phases based on the Rietveld technique. Chemical analyses of the whole-rock samples were performed by X-ray fluorescence (XRF) spectrometry on fused glass beads.
Cuttings were ground gently in distilled water, and dispersed in an ultrasonic bath. The suspension was centrifuged to obtain the following size-fractions: >2 txm, <2 ~xm and <0.2 p~m. Following a filter transfer procedure (Moore and Reynolds, 1989) , clay specimens of preferred orientation of the < 2 ixm fractions were prepared for XRD. Oriented specimens of the <0.2 Ixm fractions were also prepared by pipetting the suspensions onto a glass slide. The <2 and <0.2 ~m specimens were air dried, saturated with ethylene glycol, and heated at 550~ before analysis. Profiles were generated using a Rigaku RINT 1200 diffractometer with Ni-filtered CuKc~ radiation at 40 kV and 20 mA. The ratio of illite and smectite in I-S was determined by comparing the patterns obtained to tracings calculated using N E W M O D (Reynolds, 1985) . Detrital clay minerals interfere with the determination of the I-S ratio, thus the <0.2 Ixm fractions were used in the analysis to minimize contamination and interference from coarser clays, e.g. illite, chlorite and kaolinite. The octahedral character of each clay mineral was determined from the position of the 060 reflection on XRD (random mounts, <2 ixm fractions) and from chemical analysis.
Electron microprobe analyses were also performed on selected <0.2 Ixm clay powder samples that were prepared using the method of Son and Yoshimura (1997) . Eight samples were selected for electron microprobe analysis: five of dioctahedral clays and three of the trioctahedral smectite (saponite), which include little or no clay mineral impurities except for kaolinite. To calculate the chemical formula of smectite and I-S, the amount of contaminating kaolinite, as determined by the quantitative analysis of the XRD patterns, was subtracted from the electron microprobe data.
Rock-Eval pyrolysis was performed on cuttings to obtain organic maturity data. About 100 mg of each sample was heated to 600~ in a Rock-Eval instrument (Espitali6 et al., 1985) . R E S U L T S
Whole-rock mineralogy and chemistry
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Mineralogy of interstratified illite-smectite
C l a y s a m p l e s are c h a r a c t e r i z e d b y h i g h i l l i t e a n d k a o l i n i t e c o n t e n t s , t h e r e b y m a k i n g the q u a n t i t a t i v e est i m a t i o n o f i n t e r s t r a t i f i e d c l a y -m i n e r a l c o m p o s i t i o n difficult. T h e < 2 p.m c l a y f r a c t i o n s are s i g n i f i c a n t l y c o n t a m i n a t e d b y d e t r i t a l m i n e r a l s s u c h as q u a r t z a n d Cuttings from depths of 1 2 0 0 -2 0 0 0 m contain mostly dioctahedral phases, which are confirmed by the 060 reflection at 1.499 A ( Figure 5 ). Dioctahedral smectite in air-dried specimens has a 001 reflection at 12 ]~. After treatment with ethylene glycol, the pattern displays an integral series of higher-order reflections in addition to the first-order reflection at 16.7 ]~. Calculated patterns indicate that the smectite has an illite layer content of < 2 0 % . R a n d o m l y interstratified (R = 0) I-S with --45% illite layers also occurs at depths of 2800 and 3000 m. The X R D profile shows that c o n t a m i n a n t clay minerals such as kaolinite and discrete illite are present despite the use of the < 0 . 2 txm fraction. R a n d o m l y interstratified I-S is not present in samples below 3400 m; only ordered (R = 1) I-S is present below this depth. Illite layers in the (R = 1) I-S increase with increasing burial depth. A representative pattern of the (R = 1) I-S with 80% illite-layer content shows an intense reflection at 11.1 ,~, which is a combination peak of the I-S 002 reflection (24 Pal2 = 12 ,~) and the illite 001 reflection (10 ,~). After saturation with ethylene glycol, two peaks are resolved at 12.5 and 9.8 A ( Figure 5 ). The 12.5 A reflection is a c o m b i n a t i o n of the I-S 002 peak (27 A /2 = 13.5 A) and illite 001 peak (10 ,~), and the 9.8 ~, peak is from the illite 001 and the I-S 003 peaks (27 A/3 = 9 ,~). The sample pattern matches a simulated pattern with 80% illite layers and 2 0 % smectite layers. Layer proportion and ordering type for interstratified I-S are presented in Table 3 .
Mineralogy of interstratified chlorite-smectite
Trioctahedral smectite (saponite) is present in samples at depths of 2 2 0 0 -2 6 0 0 m. T h e saponite has a first-order basal reflection at --14.4 ,~ (Figure 6 ). U p o n saturation with ethylene glycol, a sharp 001 reflection is present at 17.2 A. A n integral series of higher-order reflections is also present in the glycol-treated samples and correlates well with calculated patterns for saponite. The 060 reflection is at 1.537 A, indicating trioctahedral character.
Corrensite, regularly ordered (1:1) chlorite-smectite (C-S), is present at 3200 m of the S S K -1 D well. T h e corrensite is characterized by a strong snperlattice reflection at -2 9 . 2 ,~ in the air-dried state and the peak shifts to 31.1 ,~ after glycolation (Figure 6 ). Other reflections shift from 15.6 to 14.1 ,~ and from 7.8 to 7.1 .A with ethylene glycol. The superlattice reflection of corrensite is weak in X R D patterns of the < 0 . 2 Ixm fraction. In the < 2 Ixm fraction, however, the superlattice reflection is strong and sharp and illite, kaolinite and quartz are also present in significant amounts. Heating at 550~ produces a peak at --12 A. The trioctahedral character of corrensite is shown by the 060 peak position at 1.543 A.
Chemistry of interstratified illite-smectite
The I-S in seven samples of each <0.2 I~m sizefraction sample was analyzed by electron microprobe, and averages are given in Table 4 in order of increasing percentage of illite layers. Samples were analyzed from the shallowest and deepest depths in the well; in the middle depth interval there are no pure samples, even for the <0.2 t~m fractions. The chemical analyses of three samples, from 4200, 4400 and 4800 m, were corrected for kaolinite impurities. In addition, the totals were normalized to 100% for comparison (Table 4).
The K and A1 contents increase with increasing burial depth, whereas silica content decreases (Figure 7) . Illite layers in I-S also increase proportionally with increasing depth of burial. The chemical data are consistent with smectite diagenesis where A1 is substituted for Si and interlayer K increases. On average, MgO content increases with depth in shallow intervals, but shows a relative decrease in the deepest samples at -4800 m. The increase in MgO content at 1800 m probably reflects the andesitic composition of the rocks present.
Layer charge was plotted (Figure 8 ) in the triangular diagram of Srodofi and Eberl (1984) . The data for I-S is also characterized by high WA1 and VXFe, and is slightly richer in A1 than saponites reported from elsewhere in Japan (Figure 9 ). The Al-rich character suggests that the saponite from the SSK-1D well is derived from fine andesitic volcanic material. Analyses of the SSK-1D saponite show a low total octahedral occupancy of 5.3-5.5 per 22 oxygens (Table 5), which is well below the ideal value of 6.0. This octahedral vacancy is probably attributable to the oxidation of an originally ferroan saponite. Iron-rich saponite is, in general, unstable under atmospheric conditions when removed from its environment (Badaut et aL, 1985) . The replacement of OH by O in the octahedral coordination of Fe 3+ is responsible for the low total octahedral occupancies. Indeed, the original Fe 2+ content of the SSK-1D saponite can be calculated by multiplying the present Fe 3 § content by 1.5. This would lead to an increase from Fel.25 to Fe~.88 in the formula in Table 5 , and thus increases the total octahedral occupancy to 6.0.
DISCUSSION
at 1200 and 1800 m plot within the range of smectite and random I-S, while those from 4200, 4400 and 4800 m plot within the field of ordered I-S. Thus, the layer-charge data are in good agreement with I-S ratios and ordering types determined by XRD. In this triangular diagram, moreover, the layer-charge data show a notable trend increasing toward higher tetrahedral sheet charge.
Chemistry of trioctahedral smectite
The chemical data for corrensite from 3200 m were not available because contaminant minerals are present in significant amounts in the <0.2 Ixm fraction. However, samples from 2200 to 2600 m are composed of nearly pure smectite, which was analyzed in detail. Electron-microprobe analyses indicate that the clay fractions from 2200, 2400 and 2600 m consist of smectite (saponite) of trioctahedral nature (Table 5 ). In general, saponite is characterized by a high Mg content in the octahedral sites. However, saponite from the SSK-1D has a high content of octahedral A1 and Fe. In Japan, saponite, C-S and chlorite are common in pyroclastic rocks of the Green Tuff Formations of Miocene age. Saponite occurs in two modes: cavity fillings precipitated from solution and replacement of volcanic glass. Saponite infilling cavities commonly has a high Fe content and low A1 content, whereas saponite replacing volcanic glass has high A1 and Fe contents (Yoshimura, 1983) . According to that author, trioctahedral clay minerals from the Green Tuff Formarion have a greater A1 content than those from deepsea basalts. The SSK-1D saponite occurs at middle depths in the well (2200-2700 m) where andesitic pyroclastic rocks are abundant. The SSK-1D saponite
Alternation of dioctahedral and trioctahedral smectites
In the SSK-1D sequence, we note that dioctahedral and trioctahedral clay mineral phases occur alternately throughout the well (Figure 10) . The well provides a rare opportunity to show dioctahedral and trioctahedral clay-mineral diagenesis. In the region including the well, sedimentation and subsidence were relatively uniform throughout their duration without significant deformation, although there are gentle folds and faults caused by compression in the Middle Pleistocene: the sedimentary sequences are deposited conformably in a marine environment during Middle Miocene to Pleistocene time. In addition, there are no hydrothermally intrusive bodies.
The lithology is characterized by the occurrence of fine-grained clastic rocks interbedded with pyroclastic rocks present within the sampled interval. Dioctahedral smectite and trioctahedral smectite (saponite) are present in the upper interval: the dioctahedral smectite at depths of 1000-2000 m dominated by clastics, and the trioctahedral smectite at depths of 2200-2600 m characterized by pyroclastics. Considering the depositional history of the surrounding sediments and the occurrence of the smectite, the SSK-1D smectites have probably altered diagenetically from two parent volcanic materials: dioctahedral smectite at depths of <2000 m is derived from acidic volcanic materials and trioctahedral smectite at 2200-2600 m is derived from basic Mg,Fe-rich volcanic materials. As the depth of burial increases, the dioctahedral smectite reacts to form I-S at 2800-3000 and 3400-4820 m, whereas the trioctahedral smectite converts into a 1:1 regularly interstratified C-S at a depth of 3200 m. Throughout 1.537 k 
Diagenesis of dioctahedral smectite
The I-S transformation is recognized in sedimentary basins worldwide. In the SSK-1D well, the alteration of dioctahedral smectite to I-S conforms to the illitization reaction with an increasing amount of illite layers in response to increasing burial depth. The I-S diagenesis is similar to that of the Gulf Coast (Hower et al., 1976) , although trioctahedral smectite and C-S are also present. In the SSK-1D well, the clay mineralogical changes are probably the result of temperature increase associated with burial, because no evidence of igneous or hydrothermal activity was found in the study area.
For the I-S reaction, the pattern of increasing the proportion of illite layers varies among different sedimentary basins worldwide (Srodofi and Eberl, 1984) . Differences depend primarily on the availability of K, temperature and time. The negative layer charge of the clay becomes sufficiently large to fix K in the interlayers. In the SSK-1D well, the layer charge of I-S increases in the tetrahedral sheet with increasing depth (Figure 8) . Moreover, the K and A1 contents tend to increase with depth, whereas the Si content decreases (Figure 7 ), such that: smectite + A13++ K----~ illite + Si 4+. In the SSK-1D well, the abundance of K-rich feldspar decreases with depth (Figure 4) , thus indicating that K-rich feldspar is the most likely source of K for the I-S reaction. The potassic feldspar is, however, present in trace amounts throughout the well. In addition to the potassic feldspar, therefore, discrete illite, which occurs throughout the well, can be considered as another source of K for the illitization. Futhermore, some I-S may provide the components required to make a more illitic I-S (Pollastro, 1985) .
The most striking factor in the I-S reaction is its dependence on temperature. Time is also an important factor in the diagenetic reaction of I-S. In the Gulf Coast region, for instance, the younger rocks have obviously not changed as much as the old ones, which suggests that the smectite-to-illite reaction is kinetically controlled as a function of time. Based on temperature and geological age, Pollastro (1993) proposed time-temperature models for I-S geothermal studies. The conversion of(R = 0) I-S to (R = 1) I-S is assigned to 100-110~ for sedimentary rocks of Miocene age or older (5-300 Ma) (Hoffman and Hower model; Pollastro, 1993) . For younger rocks (<3 Ma), however, the I-S conversion is at a higher temperature of 120-140~ (short-life geothermal model; Pollastro, 1993) . In the SSK-1D well, (R = 0) I-S transforms at -3200 m where corrensite occurs; (R = 1) I-S is found at <3200 m. Therefore, the conversion of (R = 0) I-S to (R = 1) I-S is estimated to occur at a depth of 3200 m. If the ttoffman and Hower model is applied to the conversion, the depth of 3200 m is assigned to 100M 10~ However, if the short-life model is applied, the same depth can be assigned to 120-140~
Diagenesis of trioctahedral smectite
In contrast to dioctahedral smectite, trioctahedral smectite (saponite) is converted directly to C-S in the SSK-1D well without any continuous increase in chlorite layers. Some investigators (e.g. Chang et al., 1986) interpreted the C-S reaction as a series of interstratified chlorite-smectite phases, analogous to the smectite-toillite reaction. However, in mafic associations with volcaniclastic sediments, corrensite is considered a discrete mineral, rather than an interstratification of smectite and chlorite layers (Shau et aL, 1990; Inoue and Utada, 1991; Beaufort et al., 1997) . According to many studies, the S --~ C-S --~ C transition does not involve a continuous increase in the number of chlorite layers. Instead, a discrete ratio of smectite and chlorite layers occurs with a discrete stability field. Recently, C-S with >50% chlorite layers was reinterpreted as a physical mixture of corrensite (1:1 C-S) and chlorite (i.e. chlorite + corrensite), rather than as interstratified chlorite-smectite (Hillier, 1993) .
The SSK-1D saponite is converted to corrensite at a depth of 3200 m. The formation of corrensite from smectite requires the formation of a brucite-like component, and that reaction can be written as: Mg2++ 2HzO ---) Mg(OH)2 + 2H § In the SSK-1D well, saponite is a possible precursor of C-S. Saponite and corrensite occur in the same lithology where andesitic volcaniclastic rocks are predominant. The SSK-1D saponite is an unstable phase, probably because of its high Fe and A1 content. Bulk-rock analysis shows that Mg is present in abundance (Table 2) at depths of 2000-2400 m, where saponite exists. Thus, saponite can probably readily transform to more stable corrensite. Consequently, the SSK-1D corrensite is converted diagenetically from saponite by the formation of Mg(OH) 2 sheets.
Temperature of smectite diagenesis
Transformation of the clay mineral phases was compared with Tma x values obtained from organic matter in mudstones by Rock-Eval pyrolysis (Table 6 ; Figure 10) ; Tin, X is a pyrolysis temperature where the rate of generation of hydrocarbon is at a maximum during the Rock-Eval pyrolysis reaction (Espitali6 et aL, 1985) . The T~ax value is a reasonable measure of the thermal maturity of organic matter. Burtner and Warner (1986) found a good correlation between the percentage of smectite layers in I-S and Tm,x. The Tma ~ value of 430-435~ the starting temperature for oil generation, matches well with the conversion of (R = 0) I-S to (R = 1) I-S. In the SSK-1D well, corrensite first occurs at a depth of 3200 m. Moreover, the ordering type of I-S changes at the same depth where corrensite appears, from R = 0 above 3200 m to R = 1 ordering below this depth. The Rock-Eval pyrolysis of organic matter in the SSK-1D mudstones shows a gradual increase in Tmax value, as shown in Table 6 and Figure 10 . Furthermore, a Tm,x temperature of nearly 430-435~ which is the start of oil generation, occurs to a depth of --3200 m (Figure 10 ). The indi- cators for the degree of diagenesis are consistent: the depth at which (R -0) I-S is converted to (R = 1) I-S coincides with the depth where corrensite appears and Tma ~ of 430-435~ Thus, the depth of 3200 m is assigned to 100-110~ in accord with the Hoffman and Hower model (Pollastro, 1993) . Inoue and Utada (1991) reported that corrensite formed at temperatures of 100-200~ in thermally altered volcaniclastic rocks. This result is consistent with the data here. In addition, Hillier (1993) showed that corrensite occurs at 120-260~ in Devonian lacustrine mudrocks. Iijima and Utada (1971) reported that the formation of corrensite at the expense of trioctahedral smectite was observed at a depth equivalent to 85-95~ which was assigned to the analcime zone. This temperature of first appearance of corrensite was used as a paleothermometer in subsequent studies (Hoffman and Hower, 1979; Pollastro, 1993) . Niu et al. (2000) studied I-S diagenesis in six wells in the Niigata basin. They showed that there are significant differences between wells at the depth of transition to (R = 1) I-S. The difference may relate either to the influence of other parameters besides temperature, or to uncertainty in the temperatures measured in drill holes, which is neglected in this study. In the Niigata basin, however, a more important factor affecting the difference in the transi{ion of I-S ordering may be tectonic deformation during the Pliocene or Pleistocene. Differences between wells in the depths of transition to the ordering of (R = 1) I-S may be caused by differences in uplift Random I-S 9 "~' 9 Smectite
Increasing Octahedral Charge Pyrophyllite Figure 8 . Interstratified I-S plotted within the triangular composition diagram muscovite-celadonite-pyrophyllite (the curves of percent smectite layers are from Srodofi and Eberl, 1984) . Arrow indicates a trend of increasing tetrahedral layer charge.
and erosion, because burial and tectonic histories vary considerably between areas where the wells are located. According to temperature data obtained from the Japan Petroleum Exploration Company, the geothermal gradient at the SSK-ID well is 3.10~ m ( Figure   11 ), and the present temperature at 3200 m is 115~ slightly higher than the temperature of 100-110~ assigned to this depth by the Hoffman and Hower model (Pollastro, 1993) . However, the SSK-1D well contains rocks younger than Miocene age in the upper two thirds of the profile. Furthermore, the I-S conversion dence can also occur on the underlying side of a reverse fault, which would be reflected in a paleotemperature lower than the present temperature at greater depths (Son and Yoshimura, 1997) . In the S S K -1 D well, the interval of the occurrence of corrensite is consistent with that of conversion of (R = 0) I-S to (R = 1) I-S. Therefore, the temperature of formation of corrensite is similar to the temperature of I-S conversion. The profile of S S K -1 D includes the geological time of 3 -5 Ma, which is not covered by either the H o f f m a n and H o w e r model ( 5 -3 0 0 Ma) nor the shortlife model ( < 3 Ma). Consequently, the temperature at which corrensite formation c o m m e n c e d in the SSK-1D well is estimated to be 110-120~ taken from the 
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